Special roles of loose neutron-halo nucleus structure on the fragmentation and momentum dissipation in heavy ion collisions  by Liu, Jian Ye et al.
Physics Letters B 617 (2005) 24–32
www.elsevier.com/locate/physletb
Special roles of loose neutron-halo nucleus structure on
the fragmentation and momentum dissipation in heavy ion
collisions
Jian Ye Liu a,c,d, Wen Jun Guo b, Zhong Zhou Ren b,d, Yong Zhong Xing c,d, Wen Zuo a,d,
Xi Guo Lee a,d
a Institute of Modern Physics, Chinese Academy of Sciences, PO Box 31, Lanzhou 730000, PR China
b Department of Physics, Nan Jing University, Nan Jing 210008, PR China
c Institute for the Theory of Modern Physics, Tianshui Normal University, Gansu, Tianshui 741000, PR China
d Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator, Lanzhou 730000, PR China
Received 1 February 2005; received in revised form 31 March 2005; accepted 5 May 2005
Available online 13 May 2005
Editor: J.-P. Blaizot
Abstract
We studied the special roles of loose neutron-halo structure of 19B on the fragmentation and momentum dissipation by
using isospin dependent quantum molecular dynamics. In order to protrude the special roles of neutron-halo structure on the
reaction dynamics we compared the fragmentation multiplicity and nuclear stopping (momentum dissipations) induced by
neutron-halo nucleus 19B with those induced by a same mass stable nucleus 19F under the same incident channel condition.
We found that the loose neutron-halo structure of 19B increases the fragmentation multiplicity in lower beam energy region.
On the contrary, the special halo structure of 19B weakens the nuclear stopping, compared to those induced by stable nucleus
19F. However both fragmentation multiplicity-difference and nuclear stopping-difference between the reactions induced by 19B
and 19F gradually decrease and finally disappear as the increase of beam energy. These results suggest a good project for the
experimental measurements of the fragmentation multiplicity and nuclear stopping to study the reaction dynamics induced by
neutron-halo nuclei.
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The special structure of halo nuclei and the reaction
dynamics induced by halo nuclei have been studied
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last years and have gotten a obvious progress. In gen-
eral, the halo nuclei have large neutron excess or pro-
ton excess where the few outside nucleons are very
loose. Such halo systems are well described by the
few-body models, which assumes that halo nucleus
consist of a core and a few outside nucleons. The small
separation energy of the last nucleon, the extended
density distribution and the narrow momentum distri-
bution are important properties of halo nuclei. Such
loose structure of halo nucleus should induce some
special roles on the reaction dynamics. In this case
we studied the special roles of neutron-halo nucleus
19B on the fragmentation and momentum dissipation.
In order to protrude the special roles of halo structure
on the fragmentation and momentum dissipation we
also calculated the fragmentation multiplicity and nu-
clear stopping of reactions induced by a same mass
stable nucleus 19F under the same incident channel
condition. We have gotten some different interested
properties for the fragmentation multiplicity and nu-
clear stopping of reactions induced by 19B from those
induced by 19F.
2. IQMD model
Quantum molecular dynamics (QMD) [11–13]
contains two dynamical ingredients: density depen-
dent mean field and in-medium nucleon–nucleon cross
section. In order to describe the isospin effects ap-
propriately, QMD should be modified accordingly.
The density dependent mean field should contain cor-
rect isospin terms, including the symmetry potential
and the Coulomb potential. The in-medium nucleon–
nucleon cross section should identify the neutron–
neutron, proton–proton and neutron–proton collisions,
and the Pauli blocking should be counted by distin-
guishing the neutrons and protons, respectively.
Considering the above ingredients, we have made
important modifications in QMD and obtained the
isospin dependent quantum molecular dynamics
(IQMD). In our IQMD model the initial density dis-
tributions of the colliding nuclei are from the calcu-
lations of the Skyrme–Hatree–Fock model with para-
meter set SKM∗ [14]. The code of IQMD without the
two-body collision is used to obtain the ground state
properties of the colliding nuclei, such as the bind-ing energies and RMS radii are consistent with the
experimental data. Thus the parameters of interaction
potential are fixed as the input data of the dynamical
calculations by IQMD. In our calculations the interac-
tion potential in IQMD is taken as
U(ρ) = USky + UCoul + U sym + UYuk
(1)+ V MDI + UPauli,
USky, UYuk and UPauli are Skyrme potential, Yukawa
potential and Pauli potential as follows:
(2)USky = α
(
ρ
ρ0
)
+ β
(
ρ
ρ0
)γ
,
(3)UYuk = t3 exp
( |r1 − r2|
m
)/ |r1 − r2|
m
,
UPauli = Vp
{(
h¯
p0q0
)3
(4)
× exp
(
− (ri − rj )
2
2q20
− ( pi − pj )
2
2p20
)}
δpipj ,
with
δpipj =
{
1 for neutron–neutron or proton–proton,
0 for neutron–proton.
V MDI is momentum dependent interaction
(5)V MDI = t4 ln2
[
t5( p1 − p2)2 + 1
] ρ
ρ0
.
In this Letter, a form of symmetry potential U sym is
used [15,16],
(6)U sym = cF (u)δτz,
with
τz =
{
1 for neutron,
−1 for proton.
Here c is the strength of symmetry potential with the
value of 32 MeV, F(u) = u and u = ρ
ρ0
. The δ =
ρn−ρp
ρn+ρp =
ρn−ρp
ρ
is the relative neutron excess. ρ, ρ0,
ρn and ρp are the total, normal, neutron and proton
densities, respectively.
An empirical density dependent expression of the
in-medium nucleon–nucleon cross section [17] is
(7)σNN =
(
1 + α ρ
ρ0
)
σ freeNN
26 J.Y. Liu et al. / Physics Letters B 617 (2005) 24–32Fig. 1. The neutron and proton density distributions for 19B and 19F.with the parameter α = −0.2, which can well repro-
duce the flow data. Here σ freeNN is the experimental
nucleon–nucleon cross section [18]. We use Eq. (7)
to take the medium effect of the two-body collision
into account. The more detailed physics ingredients
and their numerical realization in the IQMD model can
be found in Refs. [11–15], [16, Chapter 10].
3. Results and discussions
3.1. Neutron and proton distributions of nuclei 19B
and 19F
A large neutron excess, small separation energy and
an extended neutron density distribution are the impor-
tant properties of neutron-halo nucleus. For example,
Fig. 1 shows the neutron and proton density distribu-
tions for 19B and 19F calculated by using the Skyrme–
Hatree–Fock model with parameter set SKM∗ [14],
respectively. The line symbols are shown in Fig. 1. The
solid and dashed lines in Fig. 1 show the neutron and
proton density distributions, respectively, while the
thick and thin lines correspond to the density distribu-
tions for the halo-nucleus and stable nucleus, respec-
tively. Clearly the neutron-halo nucleus 19B shows anTable 1
RMS radii Ri ’s for neutron, proton and nucleus as well as the bind-
ing energies Ebin’s for two nuclei
Ebin
(MeV/nucleon)
Rn
(fm)
Rp
(fm)
RA
(fm)
19B −5.04 3.15 2.51 3.46
19F −7.69 2.83 2.80 2.85
extended neutron density distribution compared to sta-
ble nucleus 19F. Meanwhile we calculated the RMS
radii Ri ’s for neutron, proton and nucleus as well as
the binding energies Ebin’s for two nuclei as shown in
Table 1.
From Table 1 there are a lager neutron-halo RMS
radius and small binding energy for the neutron-halo
nucleus 19B. Above properties for 19B should induce
the special roles in the fragmentation and momentum
dissipation.
3.2. The special role of neutron-halo nucleus 19B on
the fragmentation reaction
σmed and σ nomed are defined as the nucleon–
nucleon cross sections with and without medium ef-
fects, respectively. Where σmed and σ nomed are illus-
J.Y. Liu et al. / Physics Letters B 617 (2005) 24–32 27Fig. 2. The time evolutions of FM for the reactions 19B + 48Ca and 19F + 48Ca at impact parameter b = 1.0 fm.trated by Eq. (7) with α = −0.2 and α = 0.0, respec-
tively. Clearly there is a inequality σ nomed  σmed.
The line symbols in Fig. 2 are illustrated as follows:
19B–48Ca + σmed (solid line) and 19B–48Ca + σ nomed
(dashed line) show the reaction for 19B + 48Ca with
two different nucleon–nucleon cross sections σmed
and σ nomed, respectively. Also 19F–48Ca + σmed (dot
line) and 19F–48Ca + σ nomed (dashed-dot-dot line)
show the reaction for 19F + 48Ca with σmed and
σ nomed. The solid–dot line difference and dashed–
dashed-dot-dot line difference indicate the effects
of loose neutron-halo structure on the fragmentation
and momentum dissipation, while the solid–dashed
line difference and dot–dashed-dot-dot line difference
show the medium effects of nucleon–nucleon colli-
sion on the fragmentation and momentum dissipa-
tion.
Fig. 2 shows the time evolutions of fragmentation
multiplicities FMs for the reactions 19B + 48Ca and
19F + 48Ca with σmed and σ nomed at impact parame-ter of 1.0 fm and the beam energies of 50 and 80
MeV/nucleon, respectively. Where the fragmentation
multiplicity FM includes all of products with the mass
number from A 1 to A 18. It means that the frag-
mentation should be induced by neutron-halo projec-
tile 19B when the products with the mass number from
A 1 to A 18 are produced during beginning time.
Besides the some of FMs are produced from projectile
fragmentation during beginning time, FMs should in-
clude the products from target fragmentation and sec-
ondary decay during late time. From two windows of
Fig. 2 it is clear that the solid line for 19B is larger than
corresponding dot line for 19F and dashed line for 19B
is larger than corresponding dashed-dot-dot lines for
19F, i.e., FMs for the neutron-halo colliding systems
are larger than corresponding those for stable nucleus
colliding systems. It means that the loose neutron-
halo structure increases the fragmentation multiplicity,
compared to the same mass stable nucleus colliding
system.
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between neutron and proton density distributions for
projectiles 19B and 19F are maintained for the time
scale of these reactions (50–80 fm/c) as the increase
of FM if the nuclei propagate without having a colli-
sion, because it demonstrates that the results in Fig. 2
are outside the statistical error bars and above point
of view on the role of loose neutron-halo structure
on the fragmentation is reasonable. Fig. 3 shows the
time evolution of the ratio of neutron–proton distri-
bution difference (ρn − ρp) to the total nucleon dis-
tribution (ρn + ρp)0 at beginning time for projectiles
19B and 19F with impact parameter 13.5 fm. Where
ρn and ρp are neutron and proton density distribu-
tions for 19B and 19F with respect to the center of mass
for each nucleus, respectively. From Fig. 3 it is clear
that (ρn − ρp)/(ρn + ρp)0’s for the reactions without
having a collision with b = 13.5 fm are maintained
for the time scale of these reactions (50–100 fm/c).
The values of (ρn − ρp)/(ρn + ρp)0 are near 0.40
as about the same initial value of (N − Z)/A =
0.47 for 19B and near 0.05 as about the same initial
value of (N − Z)/A = 0.053 for 19F. Where the to-
tal mass A is the sum of neutron number N and the
charge number Z for 19B or 19F. The small waves of
(ρn − ρp)/(ρn + ρp)0’s for b = 13.5 are coming from
the small disturbance of mean field. Namely the differ-
ence between neutron and proton density distributions
for projectiles 19B and 19F are mainly maintained ifthe nuclei propagate without having a collision. From
above results and discussions as above mentioned, the
results in Fig. 2 are outside the statistical error bars and
above point of view on the role of loose neutron-halo
structure on the fragmentation is reasonable.
In addition we calculated also the time evolutions
of the neutron and proton RMS radii (with respect to
the center of mass for each nucleus) for the two nuclei
at the b = 13.5 fm collision as a explanation, which
are maintained for the increase of colliding time if the
nuclei propagate without having a collision, because it
also is a explanation about that the results in Fig. 2 are
outside the statistical error bars. Fig. 4 shows the time
evolutions of the neutron and proton RMS radii for two
nuclei 19B and 48Ca at impact parameter of 13.5 fm
and beam energy of 50 MeV/nucleon. The thick solid
and dashed lines indicate the time evolutions of the
neutron and proton RMS radii for 19B, respectively.
The thin solid and dashed lines show the correspond-
ing meanings for 48Ca. From Fig. 4 it is clear that
besides very slowly increase of four RMS radii due to
whole colliding system being expanded with increas-
ing colliding time, four RMS radii are maintained at
near values of ground states calculated by Skyrme–
Hatree–Fock model. Such as the ground state values of
RMS radii of neutron and proton for 19B are 3.149396
and 2.508028 fm, and those for 48Ca are 3.550388 and
3.452263 fm, respectively. Namely the RMS radii of
neutron and proton for two colliding nuclei are nearly
J.Y. Liu et al. / Physics Letters B 617 (2005) 24–32 29Fig. 4. The time evolutions of RMS radii for 19B and 48Ca with impact parameter of 13.5 fm and beam energy of 50 MeV/nucleon.maintained as the increase of colliding time if the nu-
clei propagate without having a collision. The small
waves of RMS radii are coming from the small dis-
turbance of mean field. The time evolutions of the
neutron and proton RMS radii for 19F at impact pa-
rameter of 13.5 fm and 50 MeV/nucleon are about the
same.
In order to study systematically the evolution of FM
with increasing beam energy, Fig. 5 shows the FM at
freeze out time as a function of beam energy under
the same incident channel condition as those in Fig. 2.
From the time evolutions of FMs with increasing col-
lision time in Fig. 2, there are the definite saturation
values for all of FMs during colliding time from 150
to 300 fm/c, so we take 300 fm/c as a freeze out
time in this Letter. The line symbols in Fig. 5 are the
same as those in Fig. 2. Clearly all of FMs are in-
creased due to increasing nucleon–nucleon collisions
as the increase of the beam energy. However all of
fragmentation multiplicities for the neutron-halo col-
liding system with σmed and σ nomed are always larger
than corresponding those for the same mass stable nu-
cleus colliding system in whole beam energy region,
such as all of solid and dashed lines for 19B are larger
than corresponding dot and dashed-dot-dot lines for
19F in Fig. 5. But in the lower energy region below
about 60 MeV/nucleon, the solid–dot line difference
and dashed–dashed-dot-dot line difference are largerthan corresponding solid–dashed line difference and
dot–dashed-dot-dot line difference, i.e., the effects of
loose neutron-halo structures on FM are larger than
the medium effect of nucleon–nucleon collision on
FM. But as the increase of beam energy the FM-
differences between reactions induced by 19B and 19F
for σmed and σ nomed, i.e., the solid–dot line difference
and dashed–dashed-dot-dot line difference decrease
gradually and finally disappear in the higher beam en-
ergy region. Because the beam energies in low energy
region are not enough for the stable nucleus to in-
duce the fragmentation reaction, however the neutron-
halo nucleus start to split due to loose neutron-halo
structure and small separated energy, which leads to
obvious halo structure effect on FM. As the increase
of beam energy both a core of 19B and 19F induce
the fragmentation reactions gradually, i.e., the whole
fragmentation reactions of two colliding systems are
started. In this case, FM-difference between the reac-
tions induced by 19B and 19F decreases gradually and
finally disappear as the increase of beam energy. Sum
up, the obvious role of loose neutron-halo structure
on FM mainly takes up in the low beam energy re-
gion. However the medium effects of nucleon–nucleon
collisions on the FMs for both neutron-halo collid-
ing system and corresponding stable nucleus collid-
ing system, i.e., the solid–dashed line difference and
dot–dashed-dot-dot line difference in Fig. 5 increase
30 J.Y. Liu et al. / Physics Letters B 617 (2005) 24–32Fig. 5. The FM at freeze out time for the reactions 19B + 48Ca and 19F + 48Ca at impact parameter b = 1.0 fm as a function of beam energy.straight as the increase of beam energy due to increas-
ing nucleon–nucleon collisions.
3.3. The special role of neutron-halo structure on the
momentum dissipation
In order to describe the momentum dissipation by
nuclear stopping we use the transverse-parallel ratio
of momentum defined by R = (2/π)(∑Ai |P⊥(i)|)/
(
∑A
i |P‖(i)|), where the total mass A is the sum of
the projectile mass Ap and the target mass At . The
transverse and the parallel components of the momen-
tum of the ith nucleon are P⊥(i) =
√
Px(i)2 + Py(i)2
and P‖(i) = Pz(i), respectively. As we pointed out that
nuclear stopping depends sensitively on the nucleon–
nucleon cross section and weakly on the symmetry
potential [19]. So we study the special role of neutron-
halo structure on the nuclear stopping for different
nucleon–nucleon cross sections σmed and σ nomed with
the same symmetry potential U sym. Fig. 6 shows the
time evolution of nuclear stopping R for the reactions
19B + 48Ca and 19F + 48Ca with σmed and σ nomed at
the impact parameter of 1.0 fm and the beam ener-
gies of 50, 80, 120 and 150 MeV/nucleon. The linesymbols in four windows of Fig. 6 are the same as
those in Fig. 2. Clearly the evolution properties of nu-
clear stopping are contrary to those in Fig. 2, such as
all of solid and dashed lines for the neutron-halo col-
liding system are always less than corresponding dot
and dashed-dot-dot lines for stable nucleus colliding
system in four windows of Fig. 6, i.e., R’s for the
neutron-halo colliding system with σmed and σ nomed
are always less than corresponding those for the sta-
ble nucleus colliding system. It means that the loose
structure of neutron-halo nucleus 19B weakens the
momentum dissipation, compared to the same mass
stable nucleus colliding system because the momen-
tum transformation and dissipation from initial lon-
gitudinal motion to the motions in other directions
mainly are induced by nucleon–nucleon collision and
the loose halo-nucleus structure leads to the weakness
of nucleon–nucleon collision to weaken the momen-
tum dissipation. For example all of R’s with σmed are
less than those with σ nomed in Fig. 6, i.e., the weakness
of nucleon–nucleon cross section leads to the decrease
of nuclear stopping.
In order to study systematically the evolution of nu-
clear stopping as the increase of beam energy Fig. 7
shows R at freeze out as a function of beam energy
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Fig. 7. The R at freeze out for two reactions at impact parameter b = 1.0 fm and different beam energies as a function of beam energy.
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parameter of 1.0 fm under the same incident chan-
nel condition as those in Fig. 5. The line symbols in
Fig. 7 are the same as those in Fig. 5. From Fig. 7
it is clear that all of solid and dashed lines for the
colliding system with 19B are less than corresponding
dot and dashed-dot-dot lines for the colliding system
with 19F in lower beam energy region below about
150 MeV/nucleon, i.e., R’s of neutron-halo colliding
system for σmed and σ nomed are always less than corre-
sponding those for stable nucleus colliding system. It
means that the loose structure of neutron-halo nucleus
weakens the momentum dissipation, compared to the
same mass stable nucleus colliding system. However
in the higher beam energy region the R-differences be-
tween the reactions induced by 19B and 19F decreases
gradually and finally disappears as the increase of
beam energy due to the weakness of the role of loose
neutron-halo structure on the momentum dissipation
in the higher beam energy region. Above properties
mean that the obvious role of loose neutron-halo struc-
ture on the momentum dissipation mainly take up in
the lower beam energy region. But the medium effect
of nucleon–nucleon collision on the nuclear stopping
R increases striate as the increase of beam energy as
shown in Fig. 7 even though nuclear stopping R de-
creases as the increase of the beam energy [19].
4. Summary and conclusions
In summary, from the above results and discussions
we can conclude as following: (1) The loose neutron-
halo structure increases the fragmentation multiplic-
ity in low beam energy region, but this effect on the
fragmentation multiplicity decreases gradually and fi-
nally disappears as the increase of beam energy. (2) On
the contrary, the loose neutron-halo structure weakens
the momentum dissipation in the lower beam energy
region, however this effect on the nuclear stopping
decreases gradually and finally disappears in higher
beam energy region as the increase of beam energy.Sum up, the roles of loose neutron-halo nucleus
structure on the fragmentation multiplicity and nuclear
stopping are important, however these effects mainly
take up in the lower beam energy region.
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